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Abstract: The CO2 and N2 permeabilities for polymer inclusion membranes, consisting of 1-butyl-3-methylimidazolium 
trifluoromethanesulfonate ([bmim][TfO]) in poly (vinylidenedifluoride) (PVDF) and poly (vinilidenedifluoride-co-
hexafluoropropylene) (PVDF-HFP), at the temperatures from 298.2 K to 348.2 K, have been evaluated. The PVDF and 
PVDF-HFP membranes, containing 75 wt% of [bmim][TfO], had the CO2 permeabilities of 585 and 976 barrers, 
respectively, and the CO2 selectivities of 15 at 348.2 K. These values were higher than those of the supported ionic liquid 
membrane of [bmim][TfO] (428 barrers and 12). Furthermore, the Differential scanning calorimetry and Raman 
spectroscopy were performed to analyze the micro-structures of membranes. These analyses indicate that the polymer 
matrix was plasticized and the polymorphs changed from the non-polar α-phase to the polar β-phase by the addition of 
[bmim][TfO]. According to the solution-diffusion transport mechanism, it is concluded that the inclusion membranes with 
the sufficiently plasticized, i.e. phase-changed, PVDF and PVDF-HFP membranes absorbed the larger amount of gas 
species than the neat [bmim][TfO], and PVDF-HFP is more effective than PVDF for the enhancement in gas absorption. 
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1. INTRODUCTION 
Ionic liquids (ILs) are salts with a melting point at or 
below ambient temperatures. They are generally non-
volatile, non-flammable, and thermally and chemically 
stable. In addition, ILs can dissolve various chemicals 
by chemical modifications on cation and anion. 
Therefore, ILs has attracted much attention as 
separation media for a variety of chemical processes. 
One of the promising separation technologies using ILs 
is CO2 capture, because ILs do not dissolve in the gas 
phase even at high pressures as demonstrated in the 
literature [1]. A number of studies have been performed 
for the absorption, adsorption, and membrane 
separation using ILs. The membrane separation can 
commonly reduce amount of operation energy and 
footprint of equipment than other separation 
technologies. 
Supported ionic liquid membranes (SILMs), 
composed of porous organic or inorganic materials 
filled with ILs, have been researched. SILMs are stable 
for a much longer time than the supported liquid 
membrane using organic solvents because of non-
volatility of ILs. Furthermore, it is pointed out that some 
of SILMs show the higher CO2 permeability and 
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selectivity than the conventional polymer membranes 
[2-5]. However, SILMs cannot work under pressurized 
conditions because of easily dropout of ILs filled in 
porous materials. The polymer inclusion membrane is 
one of the approaches to overcome this serious 
disadvantage. The earlier studies have summarized 
that the composite membrane with a smaller polymer 
content has the higher CO2 permselectivity [6-12]. 
Some research groups reported the self-standing 
inclusion membranes with polymer contents less than 
15wt% [7, 12], however, the matrix of these laboratory-
synthesized polymers has the function to load the ILs in 
their network. In other words, the polymer does not 
contribute to the CO2 selective permeation, and the 
maximum performance of inclusion membrane is 
determined by only the property of IL. 
The CO2 and N2 permeation in the poly 
(vinylidenedifluoride) (PVDF) and poly 
(vinyldenedifluoride-co-hexafluoropropylene) (PVDF-
HFP) inclusion membranes has been studied in the 
present work. PVDF and PVDF-HFP are conventional 
and inexpensive fluorinated polymers, and they have 
been widely used to prepare composites, in particular, 
for electrolytes [13-19]. The fluorine atom is Lewis 
basic in nature, and favorably interacts with the Lewis 
acidic carbon atom on CO2. This means that the 
fluorinated polymers can absorb the larger amount of 
CO2 than the non-fluorinated polymers. In general, the 
ideal selectivity, S, between two gas components (i, j) 
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for polymeric membranes is expressed as the solution-
diffusion transport mechanism: S = Pi/Pj = (ci/cj)(Di/Dj), 
where P, c, and D stand for the permeability, 
concentration, and diffusion coefficient of gas species, 
respectively. If PVDF and PVDF-HFP enhance the CO2 
solubility in the composite, the CO2 selectivity is 
improved compared to the SILM, because both CO2 
and N2 have the similar diffusion coefficients and the 
ratio hardly depends on temperature [20]. However, 
these polymers are semi-crystalline, and thus, the pure 
PVDF and PVDF-HFP membranes are not appropriate 
for rapid gas permeation due to the limited diffusion of 
gas component. Actually, Hong et al. demonstrated the 
higher CO2 selectivity improved by including PVDF-
HFP with 1-butyl-3-methylimidazolium tetrafluoroborate 
([bmim][BF4])[21]. 
In the present study, the CO2 and N2 permeabilities 
using PVDF and PVDF-HFP inclusion membranes, 
containing 25, 50, and 75 wt% of 1-butyl-3-
methylimidazolium trifluoromethanesulfonate 
([bmim][TfO]) and at different temperatures, have been 
studied. In a previous work, it has been already 
reported that [TfO]- is one of the effective anions to 
obtain the high CO2 selectivity [9]. The chemical 
structures of the present polymers and IL are shown in 
Figure 1. These membranes were analyzed using 
Differential scanning calorimetry (DSC), Thermal 
gravimetry (TG), and Raman spectroscopy to 
investigate the micro-structures of membranes. Finally, 
the effects of PVDF and PVDF-HFP on the CO2 
permselectivity have been discussed. 
2. EXPERIMENTAL 
2.1. Materials and Membrane Preparation 
PVDF and PVDF-HFP (12 wt% (4.9 mol%) HFP) 
were obtained from Kureha Co. [bmim][TfO] (99 %) 
was purchased from Kanto Kagaku Co. N,N-
dimethylformamide (DMF, 99.5 %) was supplied by 
Wako Pure Chemical Industries Ltd. CO2 (>99.990 %) 
and N2 (>99.99995 %) were obtained from Showa 
Denko Gas Products Co., Ltd. and Koatsu Gas Kogyo 
Co., Ltd., respectively. All chemicals were used without 
further purification. 
A desired weight of PVDF or PVDF-HFP was 
dissolved in DMF at room temperature under dry N2 
atmosphere. After the complete dissolution, 
[bmim][TfO] was added under the same atmosphere 
and further stirred to obtain a homogeneous solution. 
[bmim][TfO] was dried under vacuum at 323 K for 30 h 
to remove the residual water just before the 
preparation. Then, the solution was poured into a 
stainless steel petridish and DMF was evaporated 
slowly at 60 °C for ~12 h. After that, the membrane was 
evacuated at 80 °C for more than ~24 h to remove the 
residual solvent. Finally, a clear self-standing 
membrane was obtained. Hereafter, the membranes 
are named like PVDF-25, which means the PVDF 
inclusion membrane with 25 wt% [bmim][TfO]. 
A SILM of [bmim][TfO] was also prepared for 
comparison. A hydrophilic PTFE membrane (Merck 
Millipore, JVWP02500) was dipped into [bmim][TfO] 
under vacuum at room temperature for 24 h. The PTFE 
filter has a pore size of 0.1 µm, porosity of 80 %, and 
thickness of 30 µm. The excess IL on the filter surface 
was wiped up just before the measurement. 
2.2. Thermal and Spectroscopic Analyses of 
Membranes 
Thermal analyses were performed for the PVDF 
and PVDF-HFP membranes using a differential 
scanning calorimeter (Bruker, DSC3200SA) with 
increasing temperature from 253 to 423 K, and a 
thermogravimetry and differential thermal analysis 
(Bruker, TG-DTA2010SAT) with heating from room 
temperature to 1073 K. Every measurement was done 
at a heating rate of 5 K·min−1 and under the dry N2 
flow. 
The Raman spectra of inclusion membranes were 
recorded on a NRS-3100 spectrophotometer (JASCO) 
using a laser diode, of which the excitation wavelength 
was 531.96 nm. The membrane and polymer powder 
 
Figure 1: Chemical structures of the present polymers and IL. 
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were set on a glass plate under atmospheric 
conditions, and [bmim][TfO] was filled in a vial tube 
under dry N2 conditions. The laser was irradiated to the 
sample from the object lens, and the back scatter was 
detected with the same lens. The spectral resolution 
was about 1 cm-1 and Raman peaks were calibrated 
with the Ne emission lines in the air. 
2.3. Gas Permeation Measurement 
The experimental apparatus and procedure were 
the same as reported in the previous work [12]. The 
membrane (diameter 25 mm) was placed on a 
stainless steel cell with a porous hydrophobic PTFE 
filter (Advantec Co., T010A025A) as the support. The 
PTFE filter has a pore size of 0.1 µm, porosity of 68 %, 
and thickness of 70 µm. The thickness of the 
membrane was measured with a micrometer. Feed and 
sweep gases were a CO2/N2mixture, of which the CO2 
composition was 50 mol%, and He, respectively. A total 
pressure of the mixture was 101 kPa (atmospheric 
pressure). The flow rates of the feed and sweep gases 
were 50 cm3·min-1 and 13 cm3·min-1, respectively, and 
they were regulated using mass flow controllers 
(HORIBA STEC Inc., SEC-E40). Neither of the feed 
and sweep gases contained water in the present study. 
Temperature was controlled using an oven (ESPEC 
Co., SH-641). The permeability’s of CO2 and N2 were 
evaluated from a flow rate and a composition of the 
outlet sweep. The flow rate was measured by a film 
flow meter (HORIBA STEC Inc., SF-1U). The 
composition was determined using a TCD gas 
chromatograph (Shimadzu, GC-8A). 
3. RESULTS AND DISCUSSION 
3.1. Characterization of the Inclusion Membranes 
Figure 2 presents the DSC curves of PVDF and 
PVDF-HFP membranes. PVDF-0 and -25, and PVDF-
HFP-0, -25, and -50 did not show any peaks originated 
from [bmim][TfO] in the present study. On the other 
hand, an endothermic peak was detected at ~ 280 K 
for PVDF-50 and -75, and PVDF-HFP-75. These peaks 
are attributed to the melting of [bmim][TfO], of which 
the melting temperature is 286 K [22]. An exothermic 
peak for PVDF-HFP-75 corresponds to the freezing of 
IL. Other exothermic peaks at high temperatures 
correspond to the melting of polymer component. 
These results suggest that the micro phase separation 
(polymer-rich and IL-rich regions) occurred in the 
composites with high IL contents. Thus, the fluorinated 
polymers mixed homogeneously with [bmim] [TfO] at 
the low IL contents: i.e., PVDF and PVDF-HFP are 
plasticized by the addition of IL. Figure S1 (ESI) is the 
TG curves of PVDF and PVDF-HFP membranes and 
the neat polymers. All the membranes showed two-
steps degradation, i.e. the decomposition of 
[bmim][TfO] and the fluorinated polymers. The 
noticeable weight loss started at ~ 560 K for every 
membrane. 
Figure 3 presents the Raman spectra of the present 
membranes between 200 and 1200 cm-1. The Raman 
spectra at higher wave numbers are given for the 
PVDF and PVDF-HFP membranes in Figures S2 (ESI) 
and S3 (ESI), respectively. Figure 3-(a) shows the 
Raman spectra of the PVDF membranes. The Raman 
peaks at 311, 347, 572, 598, 622, 755, 1022, and 1033 
cm-1 were derived from [bmim][TfO] and detected in the 
neat IL and the PVDF inclusion membranes. Similarly, 
 
Figure 2: DSC curves for the fluorinated polymer + IL inclusion membranes. (a), PVDF-0; (b), PVDF-25; (c), PVDF-50; (d), 
PVDF-75; (e), PVDF-HFP-0; (f), PVDF-HFP-25; (g), PVDF-HFP-50; (h), PVDF-HFP-75. 
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other peaks of [bmim][TfO] (1116, 1226, 1339, 1388, 
1418, 1447, and 1568 cm-1) were observed in every 
PVDF membrane at higher wave numbers, as shown in 
Figure S2-(a). The Raman peaks, from (2800 to 3100) 
cm-1 in Figure S2-(b), are attributed to the C-H 
stretching vibrations. The Raman peaks corresponding 
to [bmim][TfO] did not change significantly, although a 
little red shift (313, 347, and 755 cm-1) was observed in 
PVDF-25. The experimental results indicate that a 
small portion of IL solvates around the PVDF matrix 
and most IL molecules in the membranes do not 
interact with the matrix even at the IL content of 25 
wt%. The earlier neutron scattering study reported the 
existence of “free” IL molecules, which behave like neat 
IL, in the IL + polymer system [23]. The similar results 
were obtained from the PVDF-HFP as shown in 
Figures 3-(b) and S3. 
 
Figure 3: Raman spectra for the fluorinated polymer + IL 
membranes. (a), PVDF + [bmim][TfO]; (b), PVDF-HFP + 
[bmim][TfO]. 
The Raman peaks at 282, 409, 483, 533, 607, 792, 
872, and 1054 cm-1are derived from PVDF in Figure 3-
(a).The apparent change of Raman spectra between 
the pure PVDF and the PVDF membranes was 
observed in the wave number range from (790 to 840) 
cm-1. The strong peak at 792 cm-1 is attributed to the 
CH2 rocking and/or C-F stretching vibrations in the α-
phase PVDF, which has the trans-gauche-trans-
gauche(TGTG’) conformation [24-27]. This peak was 
not observed in the PVDF composites and three new 
peaks at 811, 824, and 837 cm-1appeared instead. 
According to the literature [25-27], the main C-F 
stretching bands in TTTT (β-phase) and TTTGTTTG’ 
(γ-phase) conformations were 840 and 816 cm-1, 
respectively. In addition, the lower wave number peak 
(811 cm-1) relatively weakened compared to the higher 
ones with the increment of IL content. Therefore, the 
Raman spectra reveal that the polymer conformation 
changed from gauche to trans (from non-polar α-phase 
to polar β-phase), which also supports the plasticization 
of PVDF. The Raman peaks of PVDF presented in 
Figures S2-(a) and - (b) showed small red and blue 
shifts, respectively, by including the IL. The Raman 
spectra for the PVDF-HFP membranes showed the 
similar composition dependency to those for the PVDF 
ones, as shown in Figures 3 and S3. 
3.2. CO2 and N2 permselectivities 
Figure 4 shows the permeabilities of CO2 PCO2 and 
N2 PN2, and the selectivity of CO2 SCO2 for the PVDF 
and PVDF-HFP inclusion membranes. PCO2 for the 
present PVDF membranes increased with the 
increment of temperature and IL content. PN2 showed 
the similar composition dependency to PCO2. PN2 for 
PVDF-75 increased with temperature, whilst those for 
PVDF-25 and -50 had the minimum values at 313 K 
and 323 K, respectively. Both PCO2 and PN2 for PVDF-
75 were higher than those for the SILM of [bmim][TfO], 
though the other PVDF membranes showed the lower 
permeabilities. The temperature dependencies of SCO2 
for the present PVDF membranes were convex upward 
with the maximum values at 323 K (PVDF-50 and -75) 
and 333 K (PVDF-25). SCO2 for PVDF-25, -50, and -75 
increased in this order at the temperatures lower than 
323 K. On the other hand, at the temperatures higher 
than 323 K, PVDF-50 and - 75 had the almost same 
SCO2, which is higher than SCO2 of the SILM. 
PCO2 and PN2 for the PVDF-HFP membranes 
showed the similar temperature and composition 
dependencies to the PVDF composites. Only PN2 for 
PVDF-HFP-25 showed convex downward and the 
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minimum was observed at 313 K. Both PCO2 and PN2 for 
the PVDF-HFP composites were higher than those for 
the PVDF ones under the present conditions, e.g. PCO2 
for PVDF-HFP-75 at 348 K was ~66 % higher than that 
for PVDF-75. SCO2 for PVDF-HFP-50 decreased with 
the temperature increment, and those for PVDF-HFP-
25 and -75 showed convex upwards, of which the 
maximums were obtained at 313 K and 333 K. SCO2 for 
the PVDF and PVDF-HFP membranes were almost 
equal to each other except SCO2 for PVDF-50 and 
PVDF-HFP-50 at 298 and 313 K. 
The previous study pointed out that the cross 
sectional area, where gas molecules contact with the 
IL, causes the difference in permeabilities between the 
inclusion membrane and the SILM [12]. Gas molecules 
can dissolve into the inclusion membrane on the all 
surface, while the support surface of SILM is not 
effective for the gas dissolution. The porosity of the 
present support is 80%, and thus, the “ideal” 
permeability of SILM is 1.25 times higher than the 
experimental value. Figure 5 summarizes the ratio of 
permeability Pi/PiSILM (i = CO2 and N2), PiSILM stands for 
the ideal permeability of corresponding gas. When the 
value is larger than unity, gas molecules permeate 
through the inclusion membrane more effectively. 
Figure 5-(a) presents that PCO2 for PVDF-25 and -50 
were ~6 and ~40 % of that for the SILM and PCO2/PSILM 
did not depend temperature significantly. PCO2/PSILM for 
PVDF-75 are higher than unity, and decreased by 
heating. PN2/PSILM showed the steep decrement at the 
low temperatures and the gradual decrement at the 
high temperatures. For the ratio for PVDF-HFP 
membranes, Figure 5-(b) reveals that the temperature 
and composition dependencies of Pi/PSILM were similar 
to those for PVDF membranes, where as the values of 
Pi/PiSILM were larger than those for PVDF membranes. 
Generally, the addition of polymer increases the 
viscosity of IL, resulting in the decrement of diffusion of 
gas species. According to the solution-diffusion 
transport mechanism, 1 <Pi/PiSILM suggests that the 
polymer enhances the gas solubility, and then, the 
composites, PVDF-75 and PVDF-HFP-75, absorbed 
the larger amount of gas species than the neat 
[bmim][TfO]. One of the reasons for the improvement of 
 
Figure 4: Permeabilities of CO2 PCO2 (a) and N2 PN2 (b), and selectivity of CO2 SCO2 (c) for the inclusion membranes. Closed, 
PVDF + [bmim][TfO]; open, PVDF-HFP + [bmim][TfO]. Triangle, 25wt%-IL; diamond, 50 wt%-IL; circle, 75 wt%-IL. Open square, 
SILM of [bmim][TfO]. 
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PCO2 might be the high content of fluorine atom in the 
polymers. On the other hand, the inclusion membranes 
with 25 and 50 wt% - IL showed smaller Pi/PiSILM, that 
is, the fluorinated polymers do not improve the gas 
solubility significantly when the IL content is not 
enough. The slower diffusion of gas species due to the 
rigid matrix is also the reason of smaller permeability. 
The thermal and spectroscopic analyses indicated that 
both the fluorinated polymers were plasticized, and the 
polymorphs changed from the non-polar α-phase to 
polar β-phase with increasing the IL content. 
Commonly, the polar material is more CO2-philic than 
the non-polar material due to the quadrupole moment 
of CO2. Therefore, PVDF and PVDF-HFP, which are 
sufficiently plasticized (phase-changed) by the IL, can 
contribute to the improvement of gas solubility. It is well 
known that the copolymerization of HFP decreases the 
melting point, i.e. crystallinity, of PVDF. Thus, it is 
suggested that the higher permeability for PVDF-HFP 
composites is due to the lower crystallinity, that is, the 
easy plasticization. 
4. CONCLUSION 
The CO2 and N2 permeabilities of the [bmim][TfO]-
PVDF and [bmim][TfO]-PVDF-HFP membranes were 
measured. Both the permeabilities generally become 
higher with increasing temperature and IL content. The 
PVDF and PVDF-HFP membranes with 75 wt% of 
[bmim][TfO] showed the higher CO2 permeability and 
selectivity than the “ideal” SILM. The DSC and Raman 
spectroscopy indicated that the most part of 
[bmim][TfO] in the membranes behave like the neat IL, 
in which [bmim][TfO] performs as a plasticizer of PVDF 
and PVDF-HFP. The polymers were plasticized 
(phase-changed) enough at the IL content of 75 wt% to 
improve the gas solubility in inclusion membranes. This 
conformation change from non-polar α-phase to polar 
β-phase causes the enhancement of CO2 solubility in 
the inclusion membranes, resulting in the higher 
permeability and selectivity compared to the SILM. The 
more intense effect for PVDF-HFP is attributed to the 
lower crystallinity. 
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